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The constant increase in component density in silicon chips has been a steady trend in microelectronics over the last 50 years. Gordon Moore predicted in 1965 that the number of components per chip would double every year. 1 Though the formulation of the Moore's law has since been corrected, 2 the tendency for exponential increase of component density in the chip remains. The driving force behind this trend has been the improvement in the basic technical characteristics and economics of microelectronic devices through the reduction of their feature sizes. Vast intellectual and material resources are focussed on increasing the resolution of lithography as the cornerstone technology of modern electronics, optoelectronics, and micromechanics. New technological developments in the transition to nanoscale devices have advanced these efforts even further. Both electron-beam lithography with Gaussian sharp-focused beams and projection electron-lithography systems with a resolution of a few nanometers are suitable for creating nanoscale devices. The first may be used for direct writing and fabrication of master masks, however the scan speed decreases dramatically with beam diameter. Since increasing the resolution and the throughput are important problems in electron-beam nanolithography, we have developed a mathematical model of the electron-beam-lithography processing of nanostructures to solve them. The model takes into account electron diffraction, the aberration of the lenses, and electron-resist interaction. 3 It also allows the prediction of the exposure time of nanostructure arrays, and the optimization of the minimum feature size versus the speed of exposure process. The theoretical limit of the resolution of an electro-optical system is defined by the diffraction of the electron, having wave- 
, and the spherical and chromatic aberration of the electron lenses, mainly the objective. For a system with a Gaussian beam, the beam diameter d is defined by:
where i is the beam current, B is the brightness of the electron source, α is the convergence half-angle of the electron beam, C c and C s are the chromatic and spherical aberration coefficients of the final lens, and E 0 and ΔE are the average energy and the energy spread of the electrons in the beam. As shown in Figure 1 , the influence of chromatic aberration prevails for a high-brightness electron gun with a point source when (i/B) << (1.22λ) 2 , as in modern systems with fieldemission guns. Taking into account only diffraction and chromatic aberration, the minimum beam size and the dependence
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of a beam current on its diameter may be deduced from (Equation 1):
A few possibilities exist for increasing the resolution and beam current: increasing the beam energy and the brightness of the electron gun, reducing the aberrations in the lenses and reducing the energy spread of electrons in the beam. The designers of electron beam systems use all these techniques.
In recent years the accelerating voltages have increased, from 20-25 to 50-100kV through the transition to thermal field ZrO/W cathodes. This has raised the brightness of the electron guns by a factor of a hundred. In addition, this has reduced the beam diameter to 4 -5nm and increased the current density to 2000 − 4000A/sm 2 , as demonstrated by Gaussian beam and vector scanning-lithography tools such as Jeol's JBX-9300 and Leica's VB6 UHR.
To minimize the cost of manufacturing one chip with evermore-expensive higher-resolution equipment, the productivity of the tool has to increase, so throughput is the second basic parameter that has to be optimized in lithography tools. The minimum exposure time t min of a layout in the electron lithography systems of any type is determined by simple expression:
where S is exposure area, and D and i are the exposure dose density and beam current respectively. For a point source, the maximum beam current is proportional to the fourth power of its diameter d (3). This gives the dependence of exposure time on the beam diameter as:
However the dose increases with the reducing feature size as d −2 6 , so the reduction of a feature size by an order of magnitude will increase the exposure time by 10 6 , all other factors being equal. This relation ( Equation 5) is the most serious obstacle to the use of lithography tools with a scanning beam in the nanometer range. The alternative is to move to projection electron lithography, which allows the simultaneous exposure of elements over a large area with a high beam current. Electron lithography is a well established technology allowing resolutions below 20nm, but the productivity of tools with a sharply focused beam quickly falls with the reduction in the beam diameter. Nevertheless, it is a unique system for manufacturing master masks for electron, optical, imprint, and x-ray nanolithography, and also for direct lithography. This mathematical model allows the throughput to be balanced with the beam diameter to achieve the most cost effective manufacturing process.
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